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ABSTRACT 

A murine monoclonal antibody, TA1, is directed against an epitope on 
the extracellular domain of the HER-2/n«i (c-erAB-2) gene product. 
Requirements for TA1 -induced internalization of c-erbh-2 have been 
studied using the SKBri human breast cancer cell line and several rat 
fibroblast cell lines that express either wild-type or mutant human c- 
erAB-2. Internalization of TA1 was monitored by assaying proteose- 
resistant uptake of ,Z9 l-labeled TAI, by electron microscopy of gold- 
labeled TA1, and by inhibition of clonogenic growth of cells incubated 
with TA1 that had been conjugated with blocked ricin. Similar rates of 
internalization of TA1 were observed in SKBr3 and in rat fibroblasts that 
expressed human c-erAB-2. The route of endocytosis was the same as 
that observed with antibodies against other membrane receptors. Anti-c- 
erb&~2 and anti-transferrin receptor cointernalized through ctatbriri- 
coated pits, coated vesicles, endosomes, and multivesicular bodies. Prod- 
ucts of mutant c-erbB-2 that lacked a portion of the tyrosine kinase 
domain or that lacked most of the cytoplasmic domain were endocytosed 
in the presence of TAI as promptly as the wild-type c-erAB-2 product. 
Slightly more rapid internalization of TAI was observed in rat cells that 
expressed c-erbB-2 with a single point mutation in the transmembrane 
domain. Taken together, our data suggest that neither the intracyto- 
plasmic domain nor receptor phosphorylation is required for antibody- 
mediated endocytosis of c-erbB-2. 



INTRODUCTION 

The c-erbB-2 gene encodes a cell surface glycoprotein which 
is homologous to the EGFR. 1 This protein is composed of 
extracellular, transmembrane, and intracellular domains. The 
extracellular domain contains two cysteine-rich areas and f is 
44% homologous to EGFR (1). Tlie intracellular domain con- 
tains a tyrosine kinase which is 82% homologous to that of 
" EGFR. Because of these similarities to the EGFR and to other 
tyrosine kinase receptors, investigators have suggested that the 
c-erAB-2 protein may function as a growth factor receptor. A 
putative ligand for this receptor-like protein has recently been 
reported (2). 

The oncogenic activity of the rat neu gene was initially 
associated with a point mutation from valine to glutamic acid 
in the transmembrane domain of neuroblastomas (3). In human 
cancers this same mutation has not been found in the c-erbB-2 
gene, although substitution of the glutamic acid for valine at 
the same position in the transmembrane domain of the human 
gene followed by transfer into murine cells results in their 
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transformation. 4 In clinical specimens, the wild-type c-erAB-2 
gene is amplified and overexpressed in adenocarcinomas from 
several different sites, including breast, pancreatic, and ovarian 
cancers (4-7). A number of studies have reported an association 
between poor prognosis and overexpression of the protein in 
breast cancer (8, 9) and ovarian cancer (10, 1 1). Because of its 
overexpression in these carcinomas, the c-erbB-2 protein is a 
potentially useful target for therapy with monoclonal antibody 
conjugates that react with its extracellular domain. 

Immunotoxins have been prepared that contain monoclonal 
antibodies conjugated to plant or bacterial toxins. Immunotox- 
ins that contain ricin A chain or blocked ricin appear to be 
internalized through clathrin-coated pits and vesicles. The toxin < ; * 
moieties must then be released from vesicles into the cytoplasm 
to inhibit protein synthesis by catalytic inactivation of the 60S » H( 
ribosomal subunit. The EGFR is an effective target for'ncin-A^ 
chain immunotoxins (12). During ligand-dependent and ahti£' 
body-dependent internalization, EGFR can be found in clath- 
rin-coated pits, vesicles, and endosomes (13, 14). Given the 
homology between EGFR and c-irAB-2, it seemed likely that 
the latter would be an effective target for an immunotoxin and 
that the conjugate would be internalized via the same pathway. 
To date, the internalization and subsequent fate of c-erftB-2 
have not been fully studied, largely due to the absence of a well- 
defined ligand. In the case of EGF-mediated endocytosis of 
EGFR, the tyrosine kinase activity of the receptor may have 
some role, as receptors deficient in this activity may (14, 15) or 
may not (16, 17) be internalized efficiently. The intracellular 



domairvbfEGFR (18), as in the case ;bf ^ transferrin r^ 
( 1 9-2 l),'is^ important in facilitating thc^and-iri^ 
nalization of these cell surface molecules. % ; , t '\ ^ 
In this paper the antibody-dependent internalization of the 
c-erbB-2 protein, pl85, was examined in a human breast cancer 1 
cell line that overexpressed c-erbB-2 as well as in different rat 
cell lines that expressed either wild-type or mutated human c- 
erbB-2 genes. These studies have helped to define the roles f 
the intracellular and transmembrane domains of c-erbB-2 in 
antibody-mediated endocytosis. 

MATERIALS AND METHODS 

Cell Lines. A human breast cancer cell line, SKBr3 (22), was main- 
tained in RPMI 1640 medium supplemented with 15% FBS and 2 raw 
L-glutamine. The rat 1A, 1 174, and 711 cell lines were obtained from 
Applied Biotechnology (Cambridge, MA). Rat I A is a rat fibroblast 
cell line. The cell line 1 174 was derived from rat 1 A cells that had been 
infected with a defective retrovirus that contained the pMXl 112 plas- 
mid with the full-length wild-type human c-ertB-2. Immunoprecipita- 
tion (23) of 1174 cells with anti-c-*rftB-2 antibodies yields the M t 
185,000 wild-type protein. Rat 71 1 cells had been similarly derived by- 
infection with a defective retrovirus that contained the pMXl!12 
plasmid with the full-length human c-erAB-2 gene which had been 
mutated at codon 659 within the transmembrane domain substituting 
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glutamic acid fur valine (xe Fig. S). iMmunoprecipifation of 71 1 cells 
with anti-c-erfrB-2 antibodies yields a mutant M, 185,000 protein. Rat 
9-24c and 10- 24k cells were derived from rat I A cells by calcium- 
phosphate transfection with PMxl 1 12 vector containing either a dele- 
tion of a portion of the tyrosine kinase domain (plasmid pABT9309) 
or deletion of all but 6 amino acids of the entire cytoplasmic domain 
(plasmid pABT93I0), respectively. Immunoprecipitation of cells con- 
taining the pABT9309 construct yields a Af r 150,000 mutant c-trbft-2 
protein. 9 Cells containing the pABT93I0 construct express a M, 
100,000 mutant c-erbB-2 protein. The rat cell lines were maintained in 
DM EM supplemented with 10% FBS and 2 mM L-glutamine. In addi- 
tion, medium for the 1 174, 71 1, 9-24c, and 10-24k cells contained 400 
ug/ml of G418 sulfate. All tissue culture reagents were obtained from 
GIBCO Laboratories, Grand Island, NY. The cells were cultured at 
37'C in 5% COj and 95% humidified air. For experiments, cells were 
detached with 0.25% trypsin-0.02% EDTA. 

Antibodies and Imraunotoxins. Hybridoraas that produced the murine 
monoclonal antibodies TA1 (IgGI) and OD3 (IgM), known to react 
with the Mr 185,000 human c-<rAB-2 product (23), but not with the rat 
neu, were obtained from Applied Biotechnology (Cambridge, MA). 
Three other murine monoclonal antibodies, MOPC21 (IgGI), 454AI2 
(IgGI), and 9C6 (IgM), were obtained from Cetus Corporation (Emer- 
yville, CA). The 454A12 antibody reacts with the human transferrin 
receptor. MOPC21 and 9C6 antibodies failed to react with the rat cell 
lines or SKBr3 and were used as negative isotype- matched controls. An 
immunotoxin that contained the murine monoclonal antibody TA1 
conjugated to ricin with a chemically altered B-chain that blocked 
' binding to galactose (TA I -Br) was prepared by Immunogen (Cam- 
abridge, MA) and obtained through Applied Biotechnology. Unconju- 
gated ricin with a blocked B-chain (Br) was also used as a control. 

Plasmids. Plasmids pABT9309 and pABT9310 were obtained from 
Applied Biotechnology. pABT9309 was constructed from the 
pMXl 1 12 plasmid and contained a human c-*rb&-2 gene with a dele- 
tion of approximately 700 base pairs of the intracellular domain that 
included most of the coding sequence for the tyrosine kinase region 
(Fig. I ). pABT93 1 0 was also constructed from pMX 11 12 and contained 
the coding sequence for all of the extracellular and transmembrane 
domain of the human c-erbB-2 gene, but lacked all but 6 amino acids 
of the intracellular domain. Plasmid DNA was purified by equilibrium 
centrifugation in CsCl-ethidium bromide gradients (24). 

Calcium Phosphate Transfection. Rat 1A cells were harvested and 
aliquots of If/ cells were plated in KMVmrn Petri dishes. Cell cultures 
'were incubated at; :'37X overnight. ^Tfie; purified pABT9309 or 
PABT93I0 plasmid DNA was diluted m 6.25 m calcium chloride. 
Nitrogen was bubbled into 2 ml of a solution of 19.6 ml of 50 mM 4- 
. (2-hyoVoxyethy 1)^1 rpiperazineethanesu I fonic acid with 280 mM sodium 
chloride and 0.425 mlvof 70 m.vt dibasic sodium phosphate, pH 7.1. 
DNA was added dropwise to this mixture and incubated at room 
temperature for 40 min. A 2-ml portion of the DNA mixture was added 
to the rat I A cultures ( 1 0 »g of DNA per 1 00-mm plate) and incubated 
at 37'C for 6 h. The medium was replaced, and the cultures were 
incubated for another 48 h. The cultures were split 1:4 in medium that 
contained 800 Mg/ml of G418 sulfate. Individual colonies were selected 
in medium containing 800 j*g/ml of G4I8 sulfate and subsequently 
maintained in medium containing 400 fig/ml of G4I8 sulfate. 

Selection of Transfected Cells with indirect Immunofluorescence and 
Flow Cytometry. Binding of murine monoclonal antibodies was meas- 
ured by flow cytometry using a FITC-conjugated goat anti-mouse IgG 
(25). Transfected cells (5 x I0 5 ) were washed in PBS with 1 % FBS and 
0.02% sodium azide, incubated with dilutions of different antibodies 
for 30 min on ice, and then washed 3 times with assay bufTer. The 
fluorescein-conjugated goat anti-mouse immunoglobulin was added to 
the cells for 30 min on ice. The cells were washed 3 times in assay 
bufTer, resuspended in PBS, and analyzed with an Epics 753 flow 
cytoroeter (Coulter Electronics, Hialeah, FL). Clones transfected with 
PABT9309 or pABT9310 were chosen that exhibited binding of TAl 
antibody comparable in fluorescence intensity to that of 1 174 and 71 1 
cells. The 9-24c clone c ontained pADT9309 that lacked a portion of 

*S. McKenzic. unpublished data. 



the tyrosine kinase region, whereas the !0 24k done contained 
pABT93 10 that lacked all but 6 amino acids of the intracellular domain. 

Radiolabeling of Antibodies. Antibodies were conjugated with Na ,23 I 
obtained from Amersham (Arlington Heights, IL), using the lodogen 
method as previously described (26). 

Scatchard Analysis. The number of receptors per cell was estimated 
using different concentrations of immunoglobulins including those 
sufficient to saturate all binding sites (27). For the assay, 10 s rat cells 
or 4 x 10 s SKBr3 cells were seeded in 48-well plates and incubated 
overnight until cells were confluent. To block nonspecific binding of 
antibody, cells were incubated with 10% BSA in either DM EM or 
RPMI 1640 for 1.5 h at 37 - C. ,25 Mabe!ed antibody was added to 
triplicate aliquots of cells at final concentrations of 2.5. 0.5, 0.25, 0,05, 
and 0.005 tig/ ml After 2-h incubation at 37"C. cells were washed 3 
times in DMEM or RPMI 1640, lysed with 2 n NaOH, and counted 
in a Packard gamma counter. Aliquots of '"Mabeled antibody were 
also counted. The number of cells in each microtiter well was estimated 
by detaching monolayers from 6 wells using trypsin and counting the 
cells in the presence of 0.1 % trypan blue using a hemocytometer. 

Internalization of IZ5 I-TAI. '"I-labeled TAI (I M g/ml) was added to 
aliquots of 5 x I0 5 rat cells. After incubation for 1 h at 4*C to allow 
binding, cells were washed 3 times with DMEM with \% BSA and* 
then either counted immediately to determine the total amount of 
antibody bound or incubated at either 4*C or 37X for I to 4 h to 
permit internalization of immunoglobulin.' To remove antibody still 
bound to the cell surface, 2.5 mg/ml of proteinase K (Sigma) was added 
to the.celkTor 1 h > at.37^v,Th^oells were washed 3 times in DMEM 
*;with y BSA O.^.^soiliurh' azide.. I^dioacVivity associated with 
cell pellets was counted^ in a | Packard gamriia" counter. The amount 
(cpm) of antibody internalized was determined by subtracting the cpm 
obtained after incubation at 4'C followed by protease stripping from 
the cpm obtained after incubation at 37"C for the same time interval, 
followed by protease stripping. The percentage internalized was then 
calculated by dividing the cpm of the antibody internalized by the total 
cpm initially bound to the cell surface. Protease stripping immediately 
after binding removed an average of 94 to 98% of the surface-bound 
immunoglobulin from the various transfectant cell lines in three 
experiments. 

Assays of Clonogenic Growth. To study the efTect of TAI-bR on 
growth of cells that expressed c-*r£B-2, a clonogenic assay was used. 
Rat fibroblasts (5 x 10 s ) and SKBr3 cells (1 x I0 6 ) were incubated at 
^^■■^J^^^^'^^M^f^ conccntxitioife'offtlie TAI-bRi immu- 
PPtQ*!. 1 ^ as a [control for 6, 12, 18, or 24 

h. The eel js were, washed, twi^ and serially 

diluted ,5-fold.. A lOOrpI r^rtipn,of each dilution was plated in each of 
6 wells,within a 96-weli ^toitomed microtiter plate. An additional 
l00-/il tissue culture medium' was added to each welt. The cells were 
incubated for 7 days at 37*C. Clonogenic growth was determined using 
an inverted phase microscope, scoring the number of wells with at least 
one tumor colony that contained at least 10 cells. Estimates of the 
surviving clonogenic units were calculated according to a modification 
by Johnson and Brown (28) of the method of Spearman and Karber. 
Diluent-treated cultures were used as controls for the assay. Clonogenic 
elimination was calculated by subtracting the log clonogenic units of 
the diluent-treated cultures from the log clonogenic units of the treated 
cell culture for each individual cell line. 

Conjugation of Antibody with Gold Sols, Five- and 15-nm gold sols 
were obtained from Amersham (Arlington Heights, IL) for conjugation 
to monoclonal antibodies according to instructions of the manufacturer. 
Briefly, the antibodies were dialyzed against 2 mM sodium borate buffer, 
pH 9.0, and centrifuged at 100,000 x g for 1 h. The upper two-thirds 
of the supernatant was retained. The antibody concentration was esti- 
mated using Aao* The pH of the gold sols was adjusted to approximately 
0.5 units above the pi of the antibody. To prepare the gold probe, 25 
ml of pH-adju$led beads were added to 17 to 40 jig/ml of antibody and 
stirred for 2 min. The pH was adjusted to 9.0 with potassium carbonate. 
A final concentration of i% BSA was added, using a solution of 10% 
BSA in distilled deionized water. To remove any unconjugated gold 
sol, the mixture was centrifuged nt 4*C for 45 min at 45,000 x g for 
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the 5-nm so! or at 12,000 x g for the 15-nm sol. The pellet was 
resuspended in the lower 10% of the supernatant and layered over a 10 
to 30% glycerol step gradient. The gradient was centrifuged for 45 min 
at 125,000 x g for the 5-nm sol or at 15,000 x g for the 15-nm sol. 
The concentrated conjugated gold probes were then dialyzed against 
I % BSA-Tris buffer, pH 8.2. to remove the glycerol, and the absorbance 
was measured at 520 nm. 

Immunoelectron Microscopy. Confluent SKBr3 cells in 60-mm Petri 
plates were incubated with 0.4 to 0.6 ml of gold-conjugated TAI and 
454A12 alone or in combination for 30 min at 4'C. Concentrations of 
conjugates were estimated by A 530 that ranged from 1.7 to 3.0 for 15- 
nm conjugates and from 0.8 to 1.4 for 5-nm conjugates. Confluent rat 
1 A, 1174, 711, 9-24c, and I0-24k cells were incubated with 0.4 ml of 
TAI -gold conjugate for 30 min at 4"C. The cells were then washed 
with PBS to remove any nonadherent antibody and were warmed to 
37'C for 0, 10. or 30 min to allow internalization. The cells were fixed 
for at least 1 h with 2% glutaraldehyde in 150 mM sodium cacodylate 
buffer at pH 7.4 with 2.5 mM calcium chloride. The fixed cells were 
scored with a blade and removed from the dishes with a rubber police- 
man. Monolayers were sedimented by centrifugation. The pellets were 
post fixed on ice with 2% osmium tetroxide and 0.5 to 1.0% potassium 
ferrocyanide in the same, buffer. After washing in cacodylate buffer, 
cells were transferred to sodium acetate buffer, and the pellets were 
stained en bloc with I % uranyl acetate in 0.2 m sodium acetate, pH 
5.2. Subsequently, cells were dehydrated w it h^ increasing concentrations 
of ethanol, incubated with mixtures of 100% ethanol and epoxy, and 
embedded in beem capsules with Embed 8.12 (EM Sciences). 
" " Pale gold to silver sections were cufoaa Reichert-Jung Ultracut E 
.'microtome and stained with either saturated uranyl acetate and lead 
citrate or with lead citrate alone. The sections were examined on a 
Phillips 300 electron microscope at 80 kV. 

Cross-Linking and Immunoprecipitation of Cell Surface Molecules. 
IO-24k cells were radiolabeled overnight with [ J5 S|cysteine (Amersham) 
and treated with either diluent or the reducible cross-linking agent DSP 
(Pierce). Cell lysates were immunoprecipitated (23) with either an 
irrelevant IgG (MOPC-21) or an anti-c-eroB-2 monoclonal antibody 
(TAI) and Protein A-Sepharose. Immunoprecipitates were eluted with 
sodium citrate (pH 2.8), analyzed under reducing and nonreducing 
conditions on sodium dodecyl sulfatc-polyacrylamide gel electropho- 
resis, and autoradiographed. 

RESULTS • - ^i^Uv'V |j Y 

Expression of Wild-Type and Mutant Q-erbB-2 iii SKBr3 and 
\ in Rat I A Fibroblasts. Requirements for a iHi body- me dialed • 
internalization of c-erbB-2 were studied with cell lines that 
expressed the wild-type (SKBr3, 1 174) or modified gene prod- 
ucts (711, 9-24c, and 10- 24k) (Fig. 1). Rat I fibroblasts lacked 
expression of the c-erbB-2 product and had served as the parent 
line for transfection of constructs. The 9-24c line expressed c- 
eroB-2 that lacked the tyrosine kinase coding region, whereas 
the I0-24k expressed c-er&B-2 from which all but 6 amino acids 
of the intracellular domain had been deleted. The 711 line 



contained a construct in which a point mutation had been 
inserted at codon 659 within the transmembrane domain. 

Expression f c-erbB-2 was compared using indirect immu- 
nofluorescence after binding of the TAI murine monoclonal 
antibody to the extracellular domain of the gene product. As 
indicated in Fig. 2, the 10-24k cells displayed the highest level 
of fluorescence. The 711 cells, while displaying a significant 
level of fluorescence, were the least reactive with antibody. The 
1 174 and 9-24c cells displayed levels of fluorescence interme- 
diate in intensity between the 10-24k and 711 cells. 

The Q-erbB-2 expression of each cell line was confirmed by 
immunoprecipitating the protein with TAI (data not shown). 
The SKBr3, 1 1 74, and 7 1 1 cells expressed M t 1 85,000 products 
when precipitated with TAI. The 9-24c line expressed a M, 
150,000 product and 10- 24k, a A/, 100,000 product, consistent 
with predictions from the constructs. 

The number of c-erMJ-2 molecules present per cell was esti- 
mated by Scatchard analysis for each of the rat fibroblast cell 
lines and the SKBr3 cell line. As indicated in Table 1, the K* 
for TA 1 was similar for the rat fibroblast cell lines. The SKBr3 
cells had the highest concentration of sites, with 1,3 x 10 6 
molecules per cell. Similar levels of c-er6B-2 have been reported 
for SKBr3 using different antibodies against c-^B-2 to esti- 
mate antigen binding sites (29). The rat fibroblasts displayed a 
lower^Jeyel of c^erbB-2 expression, than did r the SKB^ ^ 
ranging from 2.3 x 10* sites/cell foMhe/ll 
sites/cell for the 10-24k cells. This analysis indicates that all 4 
transfected cell lines expressed similar concentrations of c-erbB- 
2 molecules per cell, with slightly higher expression by the 10- 
24k cells. 

Endocytosis of i25 l -labeled TAI. To determine if the 4 rat cell 
lines internalized TAI at the same rate, l25 Mabe!ed antibody 
was added to the cells for 1 h at 4°C to permit binding. The 
cells were subsequently warmed to 37°C for different intervals 
to allow internalization. Antibody that had not been internal- 
ized was removed with proteinase K. In preliminary experi- 
ments, minimal internalization of 125 l-Iabeled antibody was 
observed at 15- and 30-min intervals at, 37"C. Therefore, 1-h ^ 
and '4-h intervals were tested. 1 I-TA Inactivity, that r|»isted t . ; |g 
proteinase K digestion in 3 replicate experiments is plotted in' 
Fig.r3.jRat' 1A cells do not express the human 'c^r6E^l-and tfdiis^f 
not. internalize the TAI antibody. 1 "I -TAI bound to; each of 
the rat trahsfectants, but only 6 to 12% of the antibody that 
bound to cells was internalized after 4 h. There was no signifi- 
cant difference between the 4 rat cell lines in the percentage of 
the antibody internalized at 1 or 4 h (/ test, P > 0.05). Among 
the 4 cell lines, uptake by 71 1 was somewhat more prompt than 
uptake by the other lines. After 1 h at 37"C, 1 2% of the antibody 
that had bound to the 71 1 cells was internalized, whereas only 



Fig. 1. The structures of the c-frAB-2 gene 
constructs in the pmxl 112 expression vector 
from top to bottom include: the full-length jgj j^j 
wild-type c-erftB- 2 gene retrovirally transferred 
into 1 174 cells: full-length c-erfrB-2 with one 
amino acid mutation at codon 6S9 retrovirally 
transferred into the rat I A cells to yield 711 185 Kd 
cells; liinase- negative c-erbB-2 with a deletion 
of amino adds 751 to 979 transfected into the 
rat ! A cell to yield 9-24o cells: and a c-erftB-2 
construct lacking most uf the intracytoplasmie 
domain, leaving a cy toplasmic tail of 6 amino 
acids transfected into the rat I A cell, to yield 
IO-24k cells. lOOKd 
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Tabic I c-erbB-2 sites per celt and association constants determined by Southard 
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Fie 1 Internalization of ,; T-labcled TAI by different rat cell lines rat, I. A 

<_H it74(--.-.);7ll (- -):9-24C< ):and IO-24k< )./W,mean 

percentage internalized of three experiments; bars, SE. 
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Relative Fluorescence Intensily 

Fib 2. Flow cytomeiric analysis ofJAI binding (5 *g/m») ,to the rat cell lines. ;^ 
fusing a FITC labeled goai anti-mouie antibody and isotype 'matched negative 
^c6mroi/MOFC2!\(5Wml). Rat I A cells with MOPC2 1 (.4;:/.£o celbpostmeY 

or TA {C:8U%«lliibsitM. 711 cells with M0PC2| I (O / 7 2% cells positive) 
orTM(H;82.8%cells^ 

or TAI (/; 68.9% cells positive), and l0-24k cells with MOPT2I <£. cells 
positive) or TAI [J; 93.0% cells positive). MFI (Mean Fluorescence Intensity) * 
expressed as channel number on a linear scale. 

1 to 2% of bound antibody was internalized by 1 1 74 cells. This 
difference at I h approached statistical significance (P = 0.065), 
but by 4 h there was no apparent difference in the amount of 
labeled TAI internalized by the two cell lines. The 9-24c and 
l0-24k cell lines showed a level of internalization intermediate 
between II 74 and 7 U cells at 1 h, and uptake by each cell line , 
^was approximately, the -same by 4 h (Fig. 3). 
* - ^EnWyVosls^bf TA 1 -blocked Ricin Immunotoxin Conjugates. 
./To assess)further ; ;the:tnteraalization ,of TAI, each of the rar 
;^ce)l lines was treated with TA 1 immunotoxin. Only the antibody 
vconjugate that was internalized would inhibit clonogenic growth 
in a limiting dilution assay. Unconjugated blocked ricin was 
used on an equimolar basis as a control for the conjugate and 
did not affect growth of any of the cell lines at the concentra- 
tions of toxin used in this study (data not shown). As indicated 
in Fig. 4, a 24-h incubation with the TAI immunotoxin inhib- 
ited the growth of all 4 rat transfectant cell lines, but did not 
affect growth of the rat 1 A cell line that lacked c-er*B-2. 

Cells with more complete or more rapid internalization of 
the immunotoxin should display greater inhibition of clono- 
genic growth than cells with less complete or less rapid inter- 
nalization of immunotoxin. To study the kinetics of internali- 
zation and elimination of clonogenic cells by TAI immuno- 
toxin, the 1174 and 10-24k cell lines were treated with the 
TAl-bR c njugate for different intervals fr m 6 t 24 h. With 
each of the cell lines, the longer the incubation with immuno- 
toxin, the greater the fraction of cells that were killed (Fig. 5). 
Each of the cell lines including 9-24c and 7 i I (data not shown) 
exhibited similar sensitivity to the immun toxin, consistent 
with similar rates and levels of internalization of TAl-bR after 
binding to c-erbB-2. 
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immun fluorescence. After warming for 5 min, some TAl-gold 
was observed in clathrin-c ated pits, vesicles, and superficial 
endosomcs, although a significant portion of the tracer re- 
mained on the cell surface (Fig. 6, A and B). Anti-transferrin 
recept r antibody (454A12) c njugated to 5-nm gold particles 
was used as a marker f r clathrin-coated pits and vesicles, as 
transferrin is known to be internalized through these structures. 
TA 1-gold and 4S4AI2-gold conjugates coexist in pits and ves- 
icles (Fig. 6^), further supporting the conclusion that the TA1 
and pi 85 were internalized through clathrin-coated structures. 
By 30 min at 37°C, the TAl-gold conjugates were seen in 
deeper cellular structures, including endosomes, lysosomes, and 
multivesicular bodies (Fig. 6C). Much TAl-gold was still evi- 
dent on the cell surface even after 30 min of endocytosis, a time 
when very little 454A12-goId remained at the cell surface (Fig. 
6C). Thus, c-erAB-2 was internalized at a slower rate and to a 
lesser extent than the transferrin receptor. • 

The antibody-induced internalization of pi 85 in rat-1 fibro- 
blasts resembled that in SKBr3 breast carcinoma cells. As 
expected. 1174 cells that* expressed the wild-type human c- 
erbB-2 bound much less TA1 gold than did SKBr3 cells, con- 
sistent with the Scatchard analysis, whereas no binding was 
observed to rat-1 cells that had not been transfected. After 5 to 
lO.min at 37°C.TAlrgold was seen.primarily.on the surface of 
the rl 1;74 fi orobl as ts; Occasionally, TAl-gold was present in 
clathrin-coated pits, vesicles, or superficial endp^mes (Fig;^); 
By contrast to the kinetics of 1 1 74 endocytosis, after S'mitilat^ 
37X much of the TAl-gold conjugate was found within 71 1 
cells, primarily in peripheral clathrin-coated pits, vesicles, and 
endosomes, but also in some deep endosomes (Fig. 8, A to C). 
By 30 min at 37°C, most of the TAl-gold was internalized by 
7 1 1 cells and was found in endosomes and in multivesicular 
bodies (Fig. 8C). After 30 min at 37*C, the TAl-gold in the 
other 3 cell lines was still primarily on the cell surface and in 
endosomal structures (Fig. ID). Although the tracer was present 
in some endosomes adjacent to the Golgi complex in all of the 




Fig. 6. Endocytosis of wild-type c-erbB-2 protein (pi 85) and transferrin recep- 
tor in SKBri breast carcinoma cells. SKBr3 cell* were incubated ftith TAl-gold 
(15 nm) and 454AI2-gold (5 nm), at 4 a C. to label surface pi 85 and transferrin 
receptor, respectively. Endocytosis of the two receptors was followed at 37"C 
after 5 min (A and B) or 30 mm <Q. Clathrin-coated pits and endosomal vesicles 
contain both labels {curled arrows in A and B). Note the concentration of pl85 
label around surface microvilli {B). C\ after 3U min of endoeytosi? most surface 
label is due to pi 85 {broad arrows), and multivesicular bodies are doubly labeled 
(*). The c-erbR-2 product is also present in small, tubular endosomcs {arrow- 
heads). PM. plasma membrane: .*/, mitochondria. Ban. 0.25 »m. 



Endocytosis of Gold-TAl Conjugates. To study the route by 
which the c-evAB-2 gene product (pi 85) is internalized, TA1 
was conjugated to colloidal g Id particles. The gold-TA I con- 
jugate was added to cells at 4*C to allow binding, after which 
the cells were warmed t 37°C for 5, 10, and 30 min to allow 
endocytosis bef re fixation and secti ning for EM. After incu- 
bation at 4'C, the TA! gold hound diffusely ov*?r the apical 
surface of each SKBr3 cell, consistent with the pattern seen by 



the truncated c-erbB-2 products were' internalized J ifi both^elli 
lines, through the same route, and apparently with the, same 
kinetics as the wild-type c-erbB-2 expressed in 1 1 74 cells. 

This observation was surprising, considering the role that the 
intracellular domain of EGFR may play in the endocytosis of 
that receptor (16. 17). Since pi 85 can, under some circum- 
stances, associate with EGFR, we investigated the possibility 
that the truncated c-erbB-2 gene product was internalized as a 
complex with the rat EGFR. The !0-24Jc cells were labeled 
uniformly witli [ ,5 S]cysteine, and detergent lysates were immu- 
noprecipitated first with TA1 and then with rabbit anti-rat 
EGFR (the generous gift of Dr. Sheldon Earp), to test for 
coprecipitation of proteins. We failed to detect M t 185,000 or 
170,000 bands in the TAI-eluted material, even after gross 
overexposure of the M, 100,000 truncated band 
(plOO). Association f pi 00 with other molecules was not 
observed, even when the labeled cells were subjected to DSP 
cross-linking (data not shown). It therefore seems unlikely that 
the truncated c-erAB-2 proteins were internalized thr ugh as- 
sociation with intact homologous receptors. 
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Golgi complex. Structurally, the multivesicular bodies seem 
equivalent to the prelys^somal compartment where many ther 
surface receptors, including the homologous EGFR, are f und. 

TA1 antibody conjugated with c lloidal gold was used to 
map this pathway of intcrnalizati n. The route of pi 85 endo- 
cytosis could be altered by the multivalent gold c njugate to 
direct more of the receptor into the prelysosomal compartment 
and to lysosomcs, as has been shown for the endocytosis of 
gold -conjugated transferrin (30). This does not seem to be a 
problem in the present study, however, as significant routing f 
pi 85 into lysosomes was not detected over the time course f 
these experiments, in either SKBr3 cells or transfected 
fibroblasts. 

The internalization of pi 85 appears to occur rather slowly in 
each of the cell lines, judged by protease- resist ant uptake of 
,25 I-TAI or by electron microscopy. In addition, the extent of 
endocytosis was modest. Other proteins are taken up more 
promptly and mor? completely than the c-erbB-2 gene product. 
Our EM studies show that the endocytosis of the transferrin 
receptor in SKBr3 cells is quite rapid, consistent with the half- 
time of 7 to 1 5 min for internalization of the transferrin receptor 
that had been measured in other cell types (3 1 ). 

Many studies of receptor internal izationjhavc utilized specific 
ligands to trigger receptor translocation and uptake. This paper 




^/Fig^7: ( En<Joc^ cVrfrBjl protein in fibroblasts, 

ex press* \vild-i>pe!c-*'''/'B- 2 protein were incubated with TAI-gold 



id 1 1 5-rim i- show tb'tplay^a* role- i ri; act t vat id n< (34), I 




surface. A7. mitochondria: f.W. plasma membrane. Bars. 0.5 cm. 



DISCUSSION 

In this paper, an antibody directed against the extracellular 
domain of the c-erbB-2 (HER-2/ neu) gene product was used to 
examine the internalization of pi 85. Antibody-mediated endo- 
cytosis of pi 85 was studied in human breast carcinoma cells 
that expressed a large amount of the protein and in rat fibro- 
blasts that expressed different mutants of the pi 85. Internali- 
zation was monitored by three assays that produced concordant 
results, including protease-resistant uptake of |:5 1-TAI anti- 
body, inhibit! n of clonogenic growth by a TA I -toxin conju- 
gate, and electron micr scopy of gold-labeled TA1. 

Our data demonstrate that pi 85 is internalized by the path- 
way for end cytosis utilized by ther recept rs. In the presence 
f antibody, pl85 passes thr ugh clathrin-coated pits and ves- 
icles int a variety of endosomal structures. Later the protein 
is found in deep endosomes and multivesicular bodies near the 



pattern of internalization when ligand binds to p 
Antibodies to EGFR have been described that do not cause 
internalization of the receptor (32), in direct contrast to the 
consequences of the EGF ligand binding to the EGFR. Anti- 
bodies can induce aggregation of cell surface receptors. Aggre- 
gation of pi 85 is thought to be important for activation (33). 
When judged by direct immunofluorescence, the TA I antibody 
does not induce capping of pi 85, and only modest clustering 
of pi 85 has been observed on the cell surface. 6 Immunoeleetron 
microscopy has also failed to show patching of p!85. Thus, if 
aggregation is important for internalization, it must be on a 
i*^t. ii*!:. rj-i-^fiL'n-:^:. — ~— ^- .pin^enzatipn has also been' 

but our morphological 
from d inter ic forms P^^l^^. 

endogenous rat pi 85 as well?^ 
the exogenous human *■ 
protein forms heterodimers with endogenous rat receptors. 
Internalization of human pi 85 observed in the presence of TAI 
antibody might then reflect internalization of the endogenous 
rat proteins. If this were the case, endocytosis of the mutant 
pi 00 that lacked the intracellular domain could occur due to 
dimcrization of the mutant gene product with normal rat recep- 
tors thai maintained kinase activity and phosphorylation sites. 
Against this possibility, neither rat c-erbB-2 nor rat EGFR 
could be coprecipitated with human c-erbS-2 mutants expressed 
in the rat fibroblasts, even when a cross-linker was used to 
stabilize potential dimers. Consequently, endocytosis of the - 
human pi 85 in all probability reflects properties of this protein 
alone. 

Products of two c-erbH-2 mutants with deletions in the intra- 
cellular domain were internalized as rapidly as the wild-type c- 
erbB-2 gene product. Consequently, it seems that this receptor 
can be endocytoscd in the absence of its cytoplasmic domain, 
in contrast to other transmembrane protein* whose mtrsHluIa: 



* M. Lien and V. Argon, unpublished results. 
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Fig. K. Endoe\t«sis of mutant i-erbH-2 
proteins. "Ml. 9- 24c. and IO-24k cells were 
incubated with T A I -gold as described for Fig. 
?. .4 to C. 71 1 cells expressing c-trAB-2 with a 
point mutation in the transmembrane domain, 
after endoevtosis for 5 min (.4 and B) or 30 
min {Cl Note the presence of label in clathrin- 
coatcd pits, in peripheral endosomes, in deep 
endosomes. and in multivesicular bodies (*). A 
higher fraction of gold particles was consist- 
ently noted in these internal structures than on 
the plasma membrane {PM\ alter 5 min or 
endoevtosis. as compared with the 1174 cell 
line (compare with Fig. 7*. /J.,l0-24k cells 
■ ^ .^aftcr 30 min of endoevtosis. £V 24c cells after 
. MF" 30 min of endocytosis. Banlif^jit^T^^ X - : 
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domains are important for internalization through clathrin- 
coated pits and vesicles (15, 18-20, 35-37). Specific tyr sine 
residues, located 4 to 50 amin acids from the membrane 
spanning d main, appear t be required for clustering f trans- 
ferrin receptor, low-density lipoprotein receptor, and other 
proteins in clathrin-coated pits (35). Mutati ns that delete or 
change cytoplasmic domains have produced aberrant traffic of 
membrane proteins and have prevented their internalization 
(16, 17). It is therefore surprising that antibody-dependent 
internalization of the c-erbB-2 gene product does not require 
the intracellular domain of p 185. The substitution of glutamic 
acid for valine at codon 659 in the transmembrane domain of 
pi 85 does not inhibit and may facilitate antibody-mediated 
internalization. Uptake of the mutant pi 85 by 711 cells was 
enhanced, but this cell line was not more sensitive to immuno- 
toxin. The antitumor activity of ricin, however, depends not 
only on the rate of internalization of the immunotoxin but also 
upon the rate of degradation of the immunotoxin and the rate 
of release of ricin into the cytoplasm. There^is some evidence 
that substitution at codon 659 causes constitutive activation of 
the o-er6B-2 tyrosine kinase (33, 38). If phosphorylation of 
intracellular substrates enhances internalization, the 71 1 con- 
struct may be internalized more efficiently than the 1 0-2 4c 
kinase-negative mutant. Future studies will address the rcla 
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